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Human immunodeficiency virus type 1 (HIV-1) Vpr is a virion-associated protein which facilitates HIV-1
infection of nondividing cells by contributing to the nuclear transport of the preintegration complex (PIC). Vpr
was also shown to induce a cell cycle G, arrest in infected proliferating cells that optimizes HIV-1 long terminal
repeat (LTR)-directed gene expression and viral production. However, it is unclear whether this activity is
mediated primarily early by virion-associated Vpr or alternatively late during infection when Vpr is de novo
expressed. We report here that in the absence of de novo expression, virion-associated Vpr induces a transient
G, arrest that can subsequently lead to cell killing by apoptosis. Interestingly, the induction of both cell cycle
G, arrest and apoptosis by virion-associated Vpr requires viral entry but not viral replication, since reverse
transcriptase and protease inhibitor treatments do not prevent these Vpr effects. These results raise the
possibility that in vivo both infectious and noninfectious viruses contribute to the dysfunction and killing of
CD4* cells. In addition, our results reveal that virion-associated Vpr stimulates viral replication in prolifer-
ating cells after establishing a cell cycle G, arrest by increasing LTR-directed gene expression. Importantly,
this Vpr-mediated LTR activation appears to be a requirement for subsequent optimal Tat transactivation.
Taken together, these results strongly suggest that in addition to participating in the HIV PIC nuclear
transport in nondividing cells, virion-associated Vpr activates HIV-1 LTR-directed gene expression by manip-
ulating the host cell cycle. From this, we conclude that Vpr functions as an immediate-early protein during HIV-1

infection.

Human immunodeficiency virus type 1 (HIV-1), the etiolog-
ical agent of AIDS, infects and ultimately incapacitates critical
cellular components of the immune system. Part of the expla-
nation for the complex HIV-host interaction lies in the com-
plex genetic organization of the viral genome. In addition to
gag, pol, and env structural gene products, HIV encodes six
regulatory or accessory proteins that are not found in the other
classes of retroviruses. Some of these products (Tat and Rev)
are essential for HIV replication, while others (Vif, Vpr, Vpu,
and Nef) appear to optimally modulate the infection and rep-
lication processes (7, 9). Vpr is a 14-kDa, 96-amino-acid pro-
tein that is highly conserved among HIV-1, HIV-2, and simian
immunodeficiency virus. The importance of Vpr during HIV
infection and pathogenesis has been suggested by a number of
in vitro and in vivo studies (reviewed in references 7 and 9).
Vpr was shown to be packaged in significant quantities into
viral particles (4, 47). These observations suggested that Vpr
may play a role in early events during infection. Indeed, recent
studies have demonstrated that Vpr participates in the active
nuclear translocation of the HIV-1 preintegration complex
(PIC) in nondividing cells by interacting with the nuclear trans-
port pathway (12, 17, 29, 34, 41). This function of Vpr appears
essential for HIV infection of macrophages under conditions
that closely mimic the in vivo situation (39). A recently discov-
ered second function of Vpr is to promote cell differentiation
and growth arrest at the G,/M phase of the cell cycle (16, 21,
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25, 35, 36). This Vpr-mediated cell cycle arrest activity is con-
served among divergent HIV and simian immunodeficiency
viruses (32). Recently, several studies have provided evidence
that Vpr up-regulates HIV replication during infection of di-
viding T cells and primary macrophages as a result of its cell
cycle-modulating activity (14, 39, 44). Thus, it is conceivable
that Vpr may contribute to HIV persistence in the host by
optimizing viral production during the short life span of in-
fected cells in vivo (14).

Recent studies indicate that the turnover of both HIV and
infected CD4™" cells is extremely rapid in HIV-infected indi-
viduals (18, 31, 42). However, whether active HIV-1 replica-
tion predominantly kills infected cells or induces the death of
uninfected cells (bystander cell killing) remains controversial.
While it has been shown that HIV replication directly kills
CD4™" T cells, other studies have reported that a marked de-
crease of the CD4™" cell population occurs even if the fre-
quency of HIV-infected cells detected in vivo is low (2, 11, 13).
Although the mechanisms involved in HIV-mediated cytopath-
icity are not fully understood, many studies have indicated that
apoptosis is involved in direct and indirect HIV-mediated
CD4™ cell depletion in vivo (2, 11, 15, 19, 20). Interestingly,
Vpr was shown to differentially regulate the occurrence of
apoptosis. During active HIV replication, Vpr expression in-
duces apoptosis of infected cells (38, 44). On the other hand,
under certain conditions such as low-level expression, Vpr was
shown to act as a negative regulator of T-cell-induced apopto-
sis (1, 6).

In this study, we examined the effect of virion-associated Vpr
during the early stages of HIV infection in dividing T cells by
using an efficient vesicular stomatitis virus G glycoprotein
(VSV-G)-pseudotyped HIV infection system (3, 44). Our re-
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sults indicate that virion-associated Vpr induces cell cycle ar-
rest of infected cells in G, and stimulates HIV expression.
However, these effects are transient without de novo Vpr ex-
pression. In addition, we provide evidence indicating that after
viral entry, virion-associated Vpr can induce cell killing by
apoptosis even in the presence of anti-HIV agents.

MATERIALS AND METHODS

Cell lines, antisera, and chemicals. The Jurkat T-lymphoid cell line and the
human embryonic kidney 293T cell line were maintained in RPMI 1640 medium
or Dulbecco modified Eagle medium containing 10% fetal calf serum. The rabbit
polyclonal anti-Vpr serum and the monoclonal anti-HIV p24 antibody were
described previously (24, 46). Propidium iodide, actinomycin D, Polybrene, and
AZT (3'-azido-3'-deoxythymidine) were purchased from Sigma Chemical Inc.
(Mississauga, Ontario, Canada). The annexin V-fluorescein isothiocyanate
(FITC) kit (no. 1828681) was purchased from Boehringer Mannheim Inc. (Laval,
Quebec, Canada).

HIV molecular clones and expressors. The HIV proviral constructs HBRUR™
or HXBRUR™ and the envelope-defective HIV-1 proviral plasmids used in this
study, including HXBRUR "/Env ™, HXBRUR "/Env~, and HXBRURR®A/Eny ™,
were described previously (39, 45). The Vpr expressors SVCMV-VPR,
SVCMVRR92 and the negative control plasmid SVCMVR ™ were constructed
by PCR amplification of the HXBRU Vpr sequence as described elsewhere (45).
The VSV-G expressor SVCMV-VSV-G was also described previously (44). The
chloramphenicol acetyltransferase (CAT) expressor pCEP4IIICAT was con-
structed by inserting a XhoI-BamHI fragment containing the HIV long terminal
repeat (LTR) and the CAT gene into an episomal plasmid pCEP4 polylinker
(Invitrogen, Carlsbad, Calif.). This XhoI-BamHI fragment was derived from an
HIV- LTR-driven CAT expressor plasmid (IIICAT) (37).

Production of pseudotyped viruses and infection. VSV-G-pseudotyped HIV-1
virus stocks were generated by cotransfection of 293T cells (5 X 10°) with 12.5 p.g
of envelope-defective HIV-1 proviral DNA and 25 pg of VSV-G expression
plasmid SVCMV-VSV-G by using the calcium phosphate coprecipitation
method. VSV-G-pseudotyped Vpr~ HIV containing trans-incorporated Vpr pro-
tein were generated from 293T cells cotransfected with HXBRUR " /Env™ (12.5
1g), SVCMV-VPR (18 pg), and SVCMV-VSV-G (25 pg) expressors. Vpr—
HIV containing trans-incorporated Vpr protein were prepared as described
above, except that HXBRUR ™ was used instead of HXBRUR /Env ™. The Vpr*
and Vpr~ HIV stocks were produced by transfection of 293T cells with HXBRUR™
or HXBRUR ™ proviral plasmids. At 72 h posttransfection (p.i.), cell supernatants
were collected, clarified, and ultracentrifuged at 45,000 rpm in a Beckman 60Ti
rotor for 1 h to pellet pseudotyped or HIV virions. Each viral stock was resus-
pended in RPMI 1640 medium and filtered through a 0.45-pm-pore-size filter
(Costar, Cambridge, Mass.). Virus stocks were subjected to titer determination
by the multinuclear activation of galactosidase indicator (MAGI) assay (22).

To infect Jurkat cells, 0.5 X 10° cells were incubated with either different
VSV-G pseudotyped viruses or wild-type HIV at multiplicities of infection
(MOI) of 10 for 8 h in the presence of 10 g of Polybrene per ml. Infected cells
were then washed and cultured at a density of 0.5 X 10° cells/ml. To monitor viral
production, infected-cell supernatants were collected at different time intervals.
Virus levels in the supernatants were determined by the HIV reverse transcrip-
tase (RT) assay, as described previously (44).

Immunoblot analysis. To examine whether viruses incorporate Vpr at com-
parable levels, similar amounts of each virus preparation (with the same RT
activity) were lysed in Laemmli buffer and viral proteins were separated on
sodium dodecyl sulfate-12.5% polyacrylamide gels. After electrophoresis, the
proteins were transferred to nitrocellulose filters (pore size, 0.45-pm; Schleicher
& Schuell) by electroblotting. The blots were incubated first with monoclonal
antibody against HIV p24 or the rabbit polyclonal anti-Vpr antibodies and then
with a horseradish peroxidase-linked donkey anti-mouse or anti-rabbit antibody.
After several washes, the blots were developed by using the 3,3’-diaminobenzi-
dine detection system as recommended by the manufacturer (Sigma Chemical
Inc.).

Cell cycle profile, cell growth, and apoptosis analyses. Cells were harvested at
several time points p.i. and tested for DNA content by flow cytometry analysis
(44). Briefly, the cells were washed and resuspended in 80% ethanol on ice.
Following additional washes, the cells were treated with 180 U of RNase A per
ml in 1 ml of phosphate-buffered saline at 37°C for 30 min and subsequently
stained with 30 pg of propidium iodide (PI) per ml. The cellular DNA content
was then analyzed with a FACScan apparatus and Consort 30 software. In
parallel, the viable cell number was determined every 12 h postinfection by
trypan blue exclusion assay to monitor cell growth.

The occurrence of apoptotic cells was detected by the annexin V-FITC assay
performed as recommended by the manufacturer (Boehringer Mannheim Inc.).
Briefly, 0.25 X 10° infected cells were washed once with phosphate-buffered
saline and then resuspended in annexin V binding buffer (2.5 ng of annexin
V-FITC per ml, 10 mM HEPES-NaOH [pH7.4], 150 mM NacCl, 5 mM KCl, 1
mM MgCl,, 1.8 mM CaCl,, 1 pg of PI per ml). After 10 to 15 min of incubation,
stained cells were washed twice with binding buffer, resuspended in binding
buffer containing 1% paraformaldehyde, and analyzed with a FACScan apparatus.
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Effect of Vpr on LTR-directed CAT expression. Jurkat T cells were transfected
with the pCEP4ITICAT plasmid by the standard electroporation method. After
48 h, hygromycin (500 wg/ml) was added to the culture for positive selection.
After 10 days, hygromycin-resistant cells were harvested and used for infection as
described above. The CAT assay was performed as described previously (5).

RESULTS

A transient cell cycle G, arrest is mediated by virion-asso-
ciated Vpr during the early stage of infection. To investigate
the functional role of virion-associated Vpr in HIV infection of
dividing T cells, we used a previously described VSV-G-
pseudotyped HIV-1 one-cycle infection system (3, 44). This
system allows a highly efficient infection of Jurkat T cells,
achieving simultaneous infection of over 95% of cells in the
culture (3, 44). The VSV-G-pseudotyped Vpr™ or Vpr~ HIV
particles were produced from 293T cells cotransfected with
HIV proviral plasmid HxBRUR"/Env~ expressing Vpr in cis
or HXBRUR /Env~ and a VSV-G expressor, SVCMV-
VSV-G. In parallel, Vpr~ HIV containing frans-incorporated
Vpr protein were generated by cotransfection of 293T cells
with the Vpr~ HIV proviral plasmid HxBRUR " /Env ™, a wild-
type Vpr expressor, SVCMV-VPR, and SVCMV-VSV-G.
Since the resulting pseudotyped viruses do not encode a func-
tional Vpr gene (the ATG initiation codon is mutated), infec-
tion with these viruses delivers frans-incorporated Vpr into
cells without subsequent de novo Vpr expression. Therefore,
these viruses were designated Vpr™-trans (Vpr™-T) viruses.

To determine the levels of virion-associated Vpr in Vpr*
and Vpr"-T viruses, the same amount of viral particles, as
determined by virion-associated RT activity, was analyzed by
Western blotting with an anti-HIV p24 monoclonal antibody
and an anti-Vpr polyclonal antibody, as described in Materials
and Methods. The results in Fig. 1A show that similar amounts
of HIV p24%*¢ were detected in the different virus samples
(lanes 2 to 4). Moreover, abundant amounts of Vpr were
detected in Vpr™-T and Vpr™ viral particles (Fig. 1B, lanes 2
and 4) but not in Vpr~ viruses (lane 3). Densitometric analysis
of p24%“¢ and Vpr bands revealed that the relative amount of
Vpr incorporated in Vpr* and Vpr*-T viral particles was sim-
ilar (data not shown).

To investigate whether virion-associated Vpr could mediate
a cell cycle G, arrest, Jurkat T cells were infected with Vpr™,
Vpr~, or Vpr*-T viruses at a multiplicity of infection (MOI) of
10. At different time points p.i., the cell cycle profile of infected
cells was evaluated by PI staining of cellular DNA and flow
cytometric analysis. The results reveal that at 20 h p.i., the cell
cycle profile of cells infected with Vpr™ virus was indistinguish-
able from that of mock-infected cells (G,-M/G; ratio of 0.29
for Vpr~ and 0.28 for mock-infected cells) (Fig. 2A). In con-
trast, Jurkat T cells infected with either Vpr* or Vpr*-T
pseudotyped viruses displayed a drastic redistribution of their
cell cycle profile (G,-M/G; ratio of 0.8 for Vpr™ and 0.85 for
Vpr*-T) (Fig. 2A). Interestingly, at 40 h p.i,, the G,-M/G,
ratio in Vpr™ HIV-infected cells had increased to 1.4 whereas
the G,-M/G, ratio in Vpr*-T HIV-infected cells had de-
creased to 0.4, a value comparable to that obtained in Vpr~
HIV-infected cells or mock-infected cells (Fig. 2A). These
results suggest that at early times following infection (20 h p.i.),
virion-associated Vpr derived from both Vpr* and Vpr*-T
pseudotyped viruses induced a G, arrest. However, unlike in
the Vpr* viral infection, the G, arrest mediated by the virion-
incorporated Vpr (Vpr*-T) was transient since, at 40 h, the G,
arrest phenotype diminished substantially. This effect is prob-
ably due to the relative stability of the Vpr protein, with a
reported half-life of more than 20 h (28), and the lack of de
novo expression of Vpr in these Vpr*-T HIV-infected cells.
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FIG. 1. Detection of HIV-1 Vpr and p24%* proteins in Vpr~, Vpr*, and
Vpr*-T VSV-G-pseudotyped HIV-1. Each viral stock was produced from 293T
cells cotransfected with the corresponding HIV provirus, SVCMV-VSV-G and
SVCMV-VPR™" expressors, as described in Materials and Methods. Similar
amounts of viral particles, as determined by virion-associated RT activity, were
lysed in Laemmli buffer. Viral proteins were then run onto a sodium dodecyl
sulfate-polyacrylamide gel and transferred to nitrocellulose. The presence of
HIV p24%%¢ and Vpr in the viral particles was detected by immunoblotting with
a monoclonal anti-HIV p24 antibody (A) or with a rabbit anti-Vpr serum (B).

To further evaluate the cell cycle-interfering effect of Vpr,
we also monitored the number of viable cells at different time
points after infection by a trypan blue exclusion assay. As
shown in Fig. 2B, the number of mock-infected and Vpr~
HIV-infected cells increased throughout the time course of the
experiment. In contrast, a cell growth arrest was observed in
both Vpr* and Vpr*-T HIV-infected cells during the first 24 h
p.i. After 24 h p.i., the Vpr* HIV infection resulted not only in
cell growth arrest but also in cell killing, since the number of
viable cells continue to decrease with time. However, the
Vpr*-T HIV-infected cells started to grow at a rate similar to
that of the Vpr~ HIV-infected cells. Taken together, these
results indicate that the growth arrest mediated by virion-
associated Vpr is transient and lasts for only approximately
24 h. However, sustained de novo expression of Vpr in HIV-
infected cells is required to maintain the G, arrest state and
ultimately leads to cell killing.

Virion-associated Vpr-mediated cell cycle G, arrest requires
viral entry but is not dependent on viral replication. To inves-
tigate whether Vpr must be translocated in cells to mediate this
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TABLE 1. Effect of AZT treatment on virion-associated Vpr-
mediated cell cycle arrest at G,*

G,-M/G; ratio at:

Pseudotyped virus

20 h 40 h
Mock 0.18 0.16
Vpr*/VSV-G~ 0.2 ND¢
Vpr*-T/VSV-G~ 0.23 ND
Vpr~/VSV-G* 0.22 0.20
Vpr/VSV-G* 1.01 1.25
Vpr*-T/VSV-G* 0.90 0.32
Vpr /VSV-G* + AZT® 0.21 0.34
Vpr*/VSV-G*" + AZT 0.99 0.4
Vpr*-T/VSV-G™ + AZT 0.92 0.38
HxBRUR /Env' + AZT 0.23 ND
HxBRUR"/Env* + AZT 0.9 ND
HxBRUR"-T/Env*" + AZT 0.87 ND

“ The cell-associated DNA content of infected Jurkat cells was analyzed by PI
DNA staining as described in Materials and Methods. The G, arrest ability of
each pseudotyped virus was determined by calculating the G,-M/G; ratio.

b+ AZT, AZT (5 pM) was added to Jurkat cell cultures 2 h prior to infection
and was maintained during the course of infection.

¢ ND, not determined.

G, arrest, we infected Jurkat T cells with Vpr*/VSV-G~ or
Vpr*-T/VSV-G ™~ viral particles that do not contain VSV-G or
HIV envelope glycoproteins. In contrast to infection with the
VSV-G pseudotyped Vpr* viruses, which induced a G, arrest,
incubation of Jurkat T cells with Vpr*/VSV-G~ or Vpr*-T/
VSV-G™ viral particles did not reveal any cell cycle G, arrest
phenotype (Table 1). Hence, cell cycle arrest requires both Vpr
and viral entry into cell. These results also rule out the possi-
bility that the observed cell cycle arrest resulted from contam-
inating soluble Vpr proteins present in our virion preparations.

We also tested whether viral replication is required for viri-
on-associated Vpr-mediated cell cycle arrest. Jurkat T cells
pretreated with 5 wM AZT (for 2 h) were infected with
pseudotyped Vpr*, Vpr*-T, or Vpr~ viruses and cultured in
the presence of AZT. The 5 uM AZT treatment was shown to
efficiently inhibit viral production in this system, since viral RT
activity was not detected in the supernatants of infected cells
(data not shown). Analysis of the cell cycle profile revealed
that even in the presence of AZT, Vpr* and Vpr*-T viral
infection still induced a G, arrest at 20 h p.i. and that the extent
of cell cycle arrest was comparable to that in the absence of
AZT (Table 1). Similar results were obtained with viruses
produced from transfected cells treated with a protease inhib-
itor, Palinavir (data not shown). However, at 40 h p.i., the G,
arrest phenotype induced in both Vpr* and Vpr™-T virus-
infected cells was not maintained in the presence of AZT. To
rule out the possibility that the cell cycle arrest phenotype
occurs only with VSV-G pseudotyped HIV, we infected Jurkat
T cells with wild-type, Vpr*-T/Env*, Vpr*/Env", and Vpr~/
Env"™ HIV in the presence and absence of AZT. The cell cycle
measurements were performed at 20 h p.i. before the occur-
rence of HIV-1 envelope glycoprotein-mediated syncytium for-
mation. The results revealed that the infection mediated by
Vpr*-T/Env" and Vpr*/Env" viruses also efficiently induced
cell cycle G, arrest at 20 h p.i. even in the presence of AZT
(Table 1). From these results, we conclude that virion-associ-
ated Vpr can induce a G, arrest as long as viral entry is not
prevented. Inhibition of subsequent steps of the infection cycle
does not inhibit the G, cell cycle arrest mediated by virion-
associated Vpr.

Virion-associated Vpr induces apoptosis in infected Jurkat
T cells in the presence of AZT. We next examined whether
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FIG. 2. Virion-associated Vpr induces a transient cell cycle arrest at G,.
Jurkat T cells were infected with VSV-G-pseudotyped Vpr~ Vpr* or Vpr*-T
HIV. At 20 and 40 h p.i., the cell-associated DNA content of mock-infected and
virus-infected Jurkat T cells was analyzed by PI staining as described in Materials
and Methods. (A) Histograms of flow cytometric analysis of DNA content in
mock-infected cells as well as in all pseudotyped virus-infected cells. The ability
of each virus to induce G, arrest was determined by calculating the G,-M/G,
ratio. (B) In parallel, at different times, p.i., the number of viable cells was
counted by the trypan blue exclusion assay. The values represent means of
duplicated samples. Similar results were obtained in three independent experi-
ments.

virion-associated Vpr induces apoptosis of infected cells. After
24 and 48 h p.i., double staining of Jurkat T cells infected with
VSV-G-pseudotyped Vpr*, Vpr~, or Vpr*-T viruses was per-
formed with annexin V-FITC and propidium iodide, as de-
scribed in Materials and Methods. At 24 h p.i., no obvious
apoptotic cells were detected in any infected cultures com-
pared with the mock-infected culture (data not shown). At 48 h
p.i., a significant number of apoptotic cells were detected in
Jurkat T cells infected with VSV-G-pseudotyped Vpr™ and
Vpr*-T viruses. Mock-infected as well as Vpr~ HIV-infected
cultures exhibited detectable apoptosis in a small proportion of
cells (less than 5%). Interestingly, in contrast to the Vpr™ HIV
infection, Vpr™-T HIV infection resulted in a significant but
smaller proportion of cells becoming apoptotic (Fig. 3) (15%,
compared to 27% in Vpr™ viral infection). These results sug-
gest that virion-associated Vpr indeed induces apoptosis in a
small percentage of infected Jurkat T cells late during infection
(48 h p.i.). The lower percentage of apoptotic cells in Vpr™-T
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FIG. 3. Virion-associated Vpr induces apoptosis of Jurkat T cells during single-cycle infection. Jurkat T cells were infected with VSV-G pseudotyped Vpr~—, Vpr™,
or Vpr*-T HIV. At 48 h p.i., mock-infected and virus-infected cells were costained with annexin V and PI and analyzed by flow cytometry. The axes represent the
cell-associated fluorescence intensity of annexin V (x) and PI (y). The percentage of cells in each quadrant is indicated above each graph. Similar results were obtained

in two independent experiments.

virus-infected Jurkat cells than of Vpr™ virus-infected cells
probably reflects the lack of Vpr de novo expression.

To test whether AZT treatment could block this virion-
associated Vpr-mediated apoptosis, Jurkat T cells were pre-
treated with 5 wM AZT (for 2 h) and infected with
pseudotyped Vpr™, Vpr*-T, or Vpr~ viruses and cultured in
the presence of AZT. After 48 h p.i., double-staining analysis
with annexin V-FITC and propidium iodide showed that in the
presence of AZT, approximately 14% of apoptotic cells were
detected in both Vpr* and Vpr*-T HIV infected cultures

while only 4 to 5% of apoptotic cells were found in mock-
infected and Vpr~ HIV-infected culture (Table 2). These re-
sults indicate that AZT does not prevent apoptosis mediated
by virion-associated Vpr after virus entry. However, it appears
that a threshold level of Vpr is required to induce apoptosis,
since the expression of de novo Vpr appears to increase the
number of cells becoming apoptotic.

Virion-associated Vpr elevates viral production early in HIV
infection. Recent studies have reported that the presence of
Vpr stimulates viral production by a mechanism which is func-
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TABLE 2. Effect of AZT on Vpr-induced apoptosis

Pseudotyped virus

% of apoptotic cells”

IMOCK ettt sttt sttt et es
Vpr /VSV-G™.....

Vpr*-T/VSV-G*

Vpr*-T/VSV-G* + AZT? 15
VDI T /VSVG ™ e sseeen 25
VDI /VSV-GT 4 AZT ot sssaes 13

“ The percentage of apoptotic cells in each infected culture was determined by
costaining of infected cells with annexin V- FITC and PI at 48 h p.i. and analysis
by flow cytometry.

b+ AZT, AZT (5 pM) was added to Jurkat cell cultures 2 h prior to infection
and maintained during the course of infection.

tionally related to Vpr cell cycle G, arrest activity (14, 44).
Since virion-associated Vpr induces a transient G, arrest, we
tested whether virion-associated Vpr stimulated viral produc-
tion. Jurkat T cells were infected with different VSV-G-
pseudotyped Vpr*, Vpr*-T, or Vpr~ viruses. At different
times p.i., supernatants from each infected culture were col-
lected and viral production was evaluated by measuring virion-
associated RT activity. As shown in Fig. 4, at early times p.i.
(within 24 h), Jurkat T cells infected with Vpr™* pseudotyped
viruses produced approximately twice as much virus as did
Jurkat T cells infected with Vpr~ pseudotyped virus. Interest-
ingly, similar levels of virus were produced in Vpr*-T HIV-
infected cells to those in Vpr* HIV-infected cultures (Fig. 4).
After 24 h p.i., the RT activity in Vpr™ HIV-infected culture
continued to increase and reached a plateau at 30 to 48 h p.i.
whereas the RT activity from the Vpr*-T HIV-infected culture
declined to a level similar to that detected in the Vpr~ HIV-
infected culture. This data clearly indicate that after viral entry,
virion-associated Vpr has a stimulating effect on viral produc-
tion. However, in the absence of de novo expression of Vpr,
this early activation of viral production cannot be sustained.
Stimulation of LTR-driven CAT gene expression. To inves-
tigate whether the Vpr stimulation of viral production resulted
from protein transactivation activity, we tested the effect of
virion-associated Vpr on the expression of a CAT reporter
gene driven by the HIV-1 LTR. Briefly, Jurkat T cells were
transfected with an HIV-1 LTR-CAT expressor (pCEP4IIICAT),
which contains a hygromycin resistance gene. After 10 days of
hygromycin selection, cells were infected with VSV-G
pseudotyped Vpr*-T, Vpr*, or Vpr~ virus. At 12, 15, and 18 h
p.i., infected cells were lysed and the CAT activity in these cell
lysates was measured. The results in Fig. SA show that, at 12 h
p.i., indicator cells infected with Vpr* and Vpr™-T virus ex-
hibited a five fold increase in CAT activity, as compared to
Vpr~ virus infected cells. The CAT activity continued to in-
crease in Vpr* and Vpr*-T virus-infected cells by twofold at
15 h p.i. and by fourfold at 18 h p.i. This continued increase in
CAT activity most probably results from initiation of Tat ex-
pression, since it was not observed upon treatment with AZT
(data not shown). Interestingly, CAT activity increased only by
about twofold between 12 and 18 h p.i. in Vpr~ virus-infected
cells. At 18 h p.i., CAT activity was ninefold higher in Vpr*
and Vpr*-T virus-infected cells than in Vpr~ virus-infected
cells. We next tested a Vpr C-terminal mutant, R80A, which
was previously shown to be incapable of inducing a cell cycle
G, arrest. As shown in Fig. 5B, pseudotyped virus containing
the R80A mutant (Vpr®*°A-T) could not stimulate LTR-di-
rected CAT activity upon infection of the indicator cell line.
To confirm that virion-associated Vpr itself was responsible
for the early stimulation of HIV LTR-directed gene expres-
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FIG. 4. Virion-associated Vpr stimulates HIV production during the early
stage of infection. At each time interval after Jurkat T cells were infected with
VSV-G-pseudotyped Vpr~, Vpr* or Vpr*-T HIV (as indicated), supernatant
from each infected culture was collected and the amount of virion-associated RT
activity was determined. Values represent means of duplicate samples. Similar
results were obtained in three independent experiments.

sion, we performed similar experiments in the presence or
absence of AZT (5 wM). Figure 5C and D reveals that in the
presence of AZT, LTR-directed CAT activity was detected in
Vpr*-T and Vpr* virus-infected cells (lanes 3 and 4) but not in
cells infected with Vpr~ virus (lane 2). At 12 h p.i. the levels of
CAT activity detected in Vpr*-T and Vpr™ virus-infected cells
in the presence or absence of AZT were similar (Fig. 5C,
compare lanes 3 and 4 with lanes 7 and 8), confirming that at
early time points p.i., virion-associated Vpr itself stimulated
LTR-directed CAT expression. At 30 h p.i. and in the absence
of AZT, an increase in CAT activity was detected in Vpr—
virus-infected cells (Fig. 5D, lane 6), presumably through the
activating effect of de novo-expressed Tat. Interestingly, a
more pronounced stimulation of CAT activity was detected in
Vpr*-T and Vpr™" virus-infected cells (Fig. 5D, lanes 7 and 8),
suggesting that virion-associated Vpr may exert a positive ef-
fect on Tat transactivation. Overall, these results indicate that
virion-associated Vpr can stimulate LTR-directed gene expres-
sion. This early stimulation of gene expression, which appears
to potentiate Tat transactivation, correlates with the ability of
the protein to mediate cell cycle arrest in G,.

DISCUSSION

Like structural gag and env gene products, the HIV acces-
sory protein Vpr is expressed late in the HIV replication cycle
and is efficiently packaged into progeny viral particles. The
virion-associated Vpr actively participates in the nuclear trans-
port of the HIV PIC in nondividing cells. In addition, the
expression of Vpr, even in the absence of any other viral
proteins, induces a cell cycle arrest in G, and increases gene
expression from a variety of viral promoters (4, 21, 36). One
central question is why a protein like Vpr, that stimulates
LTR-directed gene expression by manipulating the host cell
cycle, is expressed in the late stages of viral replication and
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FIG. 5. Virion-associated Vpr stimulates HIV LTR-directed CAT gene expression. Jurkat T cells transfected with pCEP4III LTR-CAT were selected with
hygromycin (500 pg/ml). After 10 days of selection, hygromycin-resistant Jurkat T cells were infected with VSV-G-pseudotyped Vpr~, Vpr™, or Vpr*-T HIV (as
indicated). (A) At 12, 15, and 18 h p.i., CAT activity was determined. The transactivation level in each VSV-G pseudotyped HIV-infected cell sample is expressed as
fold increase in CAT activity. The CAT activity value obtained in Vpr~-infected Jurkat T cells at 12 h p.i. was arbitrarily set at 1 (A). (B) CAT activity detected in
pCEPAIII LTR-CAT-transfected Jurkat cells following infection with VSV-G-pseudotyped Vpr~, Vpr™, Vpr™-T, and VprR®A-T viruses. (C and D) Hygromycin-
resistant Jurkat cells were infected with VSV-G-pseudotyped Vpr—, Vpr*, or Vpr*-T HIV in the presence (lanes 1 to 4) or absence (lanes 5 to 8) or 5 uM AZT. At
12 h p.. (C) and 30 h p.i. (D), CAT activity in each VSV-G-pseudotyped, HIV-infected cell sample was measured.

packaged in substantial amounts in progeny viral particles. Is
this function of the protein required only late in infection, or,
alternatively, is it possible that, in addition to participating in
the nuclear translocation of the HIV PIC, virion-associated
Vpr has a positive effect on viral gene expression early in
infection? Until now, the molecular mechanism(s) regulating
the basal transcriptional activity of integrated HIV LTR is still
not fully resolved. Whether a viral factor(s) contributes to the
immediate-early activation of the LTR before de novo expres-
sion is initiated remains to be determined.

Our results clearly demonstrate that virion-associated Vpr
induces a G, arrest in host cells following viral entry. This
effect was observed at a MOI as high as 10 (as described in the
present study) but also at a MOI as low as 0.01 (data not
shown). Indeed, titer determination studies of VSV-G-
pseudotyped HIV particles indicate that (i) the G,-M/G; ratio
of cells infected at a MOI of 1 is comparable to that of cells
infected at a MOI of 10, suggesting that once a threshold level
of Vpr is translocated into a target cell, an efficient cell cycle
G, arrest is initiated (data not shown); (ii) infection of cells at
MOISs ranging from 0.5 to 0.01 still induced a detectable cell
cycle arrest in G,, although not as efficiently as infection at

MOIs ranging from 1 to 10 (data not shown). These results
support data recently reported by Poon et al. (33) showing that
at a MOI of 0.15, the level of arrest induced by virion-associ-
ated Vpr alone is lower than that observed with wild-type virus
capable of de novo Vpr production, probably because higher
levels of Vpr are expressed in cells de novo.

Moreover, our results indicate that the establishment of a
cell cycle arrest at G, stimulates the activity of the HIV LTR
since virion-associated Vpr mutant R80A, which has lost its
cell cycle-modulating activity, was unable to activate CAT ex-
pression from the LTR. This early effect of Vpr on LTR-
directed gene expression was shown to lead to an increase in
viral production. Interestingly, in our experimental system, the
positive effect of Vpr on the HIV-1 LTR appears to potentiate
Tat transactivation. It is likely that Vpr-mediated transactiva-
tion, by increasing LTR-directed Tat expression, stimulated
Tat transactivation. Alternatively, but without excluding the
former possibility, optimal Tat transactivation may require a
minimum level of LTR basal transcriptional activity. Such ac-
tivation of basal transcription from the integrated LTR may be
provided early in the infection by virion-associated Vpr via its
cell cycle arrest at G,. Indeed, a recent study indicates that Tat
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functions after the formation of a specific transcription initia-
tion complex and that Tat transactivation is accompanied by a
remodeling of chromatin structure of integrated LTR (8). In-
terestingly, we have recently reported that Vpr, via its cell cycle
arrest activity at G,, cooperates with p300/CBP, a transcrip-
tional coactivator that regulates the activity of NF-«kB as well as
of a variety of transcription factors presumably through its
ability to regulate chromatin structure by histone acetylation
(10). Overall, our results support the notion that virion-asso-
ciated Vpr, in addition to being involved in the nuclear trans-
location of the PIC, actively participates in the immediate-
early activation of the HIV LTR by a molecular mechanism
that is not fully understood. This newly identified activity of
Vpr is reminiscent of that of VP16, a herpes simplex virus
immediate-early gene product, even though the molecular
mechanisms of their respective transactivation activity are
likely to be distinct. VP16 is a transcription factor found in
herpes simplex virus particles that selectively transactivates a
class of viral promoters that control the expression of early
gene products (40).

Apoptosis is one of the main cell-killing mechanisms in-
volved in HIV-mediated direct and/or indirect CD4™" cell de-
pletion in vivo (2, 11, 15, 19, 20). Several gene products, such
as Tat, Nef, gp120, and Vpr, induce apoptosis of HIV-infected
cells in different systems (16, 23, 38, 43, 44). Our results clearly
indicate that virion-associated Vpr by itself can induce apopto-
sis of HIV infected cells. However, this Vpr-induced apoptosis
occurs in a relatively small number of infected cells (15% at
48 h p.i.), suggesting that only a subpopulation of infected
Jurkat cells is susceptible to Vpr-induced apoptosis. Interest-
ingly, Ayyavoo et al. reported that the Vpr-modulated T-cell
receptor triggered apoptosis in a manner similar to that of
glucocorticoids (1). In the absence of T-cell receptor-mediated
activation, Vpr induced apoptosis, whereas in the presence of
such stimuli, Vpr interrupted the expected induction of apo-
ptosis. By analogy to the latter results, it is possible that a
subpopulation of cells in the Jurkat cell line are in a state that
makes them more susceptible to Vpr-induced apoptosis. Our
data also show that Vpr de novo expression increases the
frequency of apoptotic cells in the culture (27% at 48 h),
suggesting that a sustained threshold level of Vpr may be
required for efficient induction of apoptosis.

The results obtained with Vpr*-T virus or Vpr* virus in
presence of AZT indicate that the effect of virion-associated
Vpr on the cell cycle and on viral production is transient and
lasts up to 24 h. This probably reflects the relative stability of
the Vpr protein, which has been reported to have a half-life of
more than 20 h (28). It is clear from our results that the
maintenance of a G, cell cycle arrest and the resulting positive
effect on viral replication requires Vpr de novo expression.
However, as discussed above, once a threshold level of Vpr is
reached, cell killing by apoptosis may occur late during infec-
tion, at least in our in vitro system. Vpr is expressed late in the
infection cycle and is packaged into viral particles presumably
via an interaction with the p6 domain of the Gag precursor
polyprotein (Pr55%¢) (27, 30). It is tempting to speculate that
the binding of Vpr to Pr55%“¢ and the protein targeting to the
site of viral assembly may regulate the amount of free Vpr in
the cell and thereby control the delicate balance between the
optimization of viral gene expression and production and the
induction of cytopathic effects.

Previous studies have indicated that in plasma, the ratio of
noninfectious to infectious virus particles is approximately
100,000:1 (26). However, the relevance of the presence of such
a large number of noninfectious virus particles in vivo is not
clear. During the preparation of this paper, Poon et al. dem-
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onstrated that HIV-1 Vpr packaged in virions, including those
rendered defective for infection by RT or protease inhibitors,
were capable of inducing cell cycle arrest (33). Interestingly,
our results further indicate that virion-associated Vpr not only
mediated cell cycle arrest at G, but also could induce apoptosis
in some cells. In agreement with the observation by Poon et al.,
our results indicate that virion-associated Vpr still induced a
transient G, arrest as well as apoptosis during HIV infection of
Jurkat T cells in the presence of AZT as well as in Jurkat cells
exposed to noninfectious virus particles produced from trans-
fected cells treated with a protease inhibitor, Palinavir (Fig. 4
and Table 1; data not shown for Palinavir). Thus, these results
raise the possibility that Vpr incorporated in infectious as well
as noninfectious or defective virus particles contributes to the
host immune system suppression in vivo by disturbing the cell
cycle progression and/or by inducing apoptosis of HIV target
cells. This could also at least partly account for the “bystander
cell-killing” effect reported during HIV infection (11, 13).

Overall, in this study, we provided biological evidence that in
addition to its PIC nuclear targeting activity in nondividing
cells, virion-associated Vpr plays an important role in the im-
mediate-early transcription of the HIV-1 genome during HIV
infection. Moreover, the induction of cell cycle arrest at G, and
apoptosis by virion-associated Vpr, independent of viral repli-
cation, strongly suggest a role of Vpr in HIV-mediated CD4 " -
T-cell depletion and immune system dysfunction. Thus, ther-
apeutic approaches directed against virion-associated Vpr
function may strongly attenuate HIV infection and replication
and reduce HIV-mediated CD4"-T-cell dysfunction.
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